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The anterior visceral endoderm (AVE) has attracted recent attention as a critical player in mouse forebrain development and
has been proposed to act as “head organizer” in mammals. However, the precise role of the AVE in induction and patterning
of the anterior neuroectoderm is not yet known. Here we identified a 5*-flanking region of the mouse Otx2 gene (VEcis) that
overns the transgene expression in the visceral endoderm. In transgenic embryos, VEcis-active cells were found in the
istal visceral endoderm at 5.5 days postcoitus (dpc), had begun to move anteriorly at 5.75 dpc, and then became restricted
o the AVE prior to gastrulation. The VEcis-active visceral endoderm cells exhibited ectodermal morphology distinct from
hat of the other endoderm cells and consisted of two cell layers at 5.75 dpc. In the Otx22/2 background, the VEcis-active
ndoderm cells remained distal even at 6.5 dpc when a primitive streak was formed; anterior definitive endoderm was not
ormed nor were any markers of anterior neuroectoderm ever induced. The Otx2 cDNA transgene under the control of the
VEcis restored these Otx22/2 defects, demonstrating that Otx2 is essential to the anterior movement of distal visceral
endoderm cells. In germ-layer explant assays between ectoderm and visceral endoderm, the AVE did not induce anterior
neuroectoderm markers, but instead suppressed posterior markers in the ectoderm; Otx22/2 visceral endoderm lacked this
ctivity. Thus Otx2 is also essential for the AVE to repress the posterior character. These results suggest that distal visceral
ndoderm cells move to the future anterior side to generate a prospective forebrain territory indirectly, by preventing
osteriorizing signals. © 2000 Academic Press
Key Words: anterior visceral endoderm; cis-regulatory region; A-P axis development; Otx2; head organizer; posteriorizing
signal; forebrain development.s
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Prior to gastrulation, the embryonic region of the mouse
conceptus consists of two germ layers, the embryonic
ectoderm (epiblast) and visceral endoderm. Morphologically
the embryos at this egg cylinder stage are radially symmet-
ric and have only a distal–proximal axis; the anteroposterior
(A-P) axis has been generally viewed as being established
with the formation of the primitive streak (Batten and Haar,
1979; Poelmann, 1980; Kaufman, 1992). Recent molecular
1 To whom correspondence should be addressed at the Depart-
ment of Morphogenesis, Institute of Molecular Embryology and
Genetics (IMEG), Kumamoto University, Honjo 2-2-1, Kumamoto
860-0811, Japan. Fax: 181-96-373-6586. E-mail: saizawa@gpo.gkumamoto-u.ac.jp.
304tudies, however, have indicated that anterior specification
recedes primitive streak formation (Beddington and Rob-
rtson, 1998; 1999). An increasing number of molecules
hat are uniquely expressed in the anterior visceral
ndoderm (AVE) before gastrulation have been identified.
hese include the Otx2 (Acampora et al., 1995), Lim1 (Belo
et al., 1997; Shimono and Behringer, 1999), Hesx1 (Thomas
and Beddington, 1996), Hex (Thomas et al., 1998), Cer-l
(Belo et al., 1997; Biben et al., 1998; Shawlot, et al. 1998;
Pearce et al., 1999), Hnf3b (Belo et al., 1997; Filosa et al.,
997), nodal (Varlet et al., 1997), and Lefty1 (Meno et al.,
999) genes. Many of them are known to be initially
xpressed in the distal visceral endoderm, and distal vis-
eral endoderm cells have been demonstrated to move to
he prospective anterior side prior to gastrulation, thus
enerating AVE (Thomas et al., 1998; Beddington and
0012-1606/00 $35.00
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305Otx2 Functions in Visceral EndodermRobertson, 1998, 1999; Weber et al., 1999). Several genes are
lso known to be initially expressed in the proximal em-
ryonic ectoderm and to move to the posterior side or the
rospective primitive streak side prior to gastrulation.
hese include T, nodal, Cripto, and Wnt3 genes (Thomas et
l., 1998; Varlet et al., 1997; Ding et al., 1998; Liu et al.,
999).
The AVE is proposed to play a central role in the forebrain
evelopment as a “head organizer” in mammals (Thomas
nd Beddington, 1996; Thomas et al., 1998; Beddington and
Robertson, 1999). Surgical removal of the AVE results in the
failure to express a forebrain marker (Hesx1/Rpx) in the
embryonic ectoderm (Thomas and Beddington, 1996).
Knockout mice of several genes that are uniquely expressed
in the AVE fail to develop a forebrain (Acampora et al.,
1995; Matsuo et al., 1995; Ang et al., 1996; Shawlot and
Behringer, 1995). Chimeric studies with nodal, Otx2,
Hnf3b, and Lim1 mutants have also suggested that the
visceral endoderm is essential for the forebrain formation
(Varlet et al., 1997; Rhinn et al., 1998; Dufort et al., 1998;
Shawlot et al., 1999). However, little is known about the
molecular mechanism of the anterior movement of the
distal visceral endoderm cells and the precise role of the
AVE in the induction of the forebrain.
The Otx2 gene is sequentially expressed in the embry-
onic ectoderm, AVE, anterior definitive endoderm (this
endoderm includes anterior axial mesendoderm that gener-
ates prechordal plate and head process), and anterior neuro-
ectoderm prior to and during gastrulation. Its mutant ex-
hibits a headless phenotype (Acampora et al., 1995; Matsuo
et al., 1995; Ang et al., 1996). Chimeric analysis of the
utant as well as the Otx1 knock-in mutation into the
tx2 locus has suggested that the Otx2 expression in the
isceral endoderm is essential to the development of ante-
ior neuroectoderm (Rhinn et al., 1998; Acampora et al.,
1998; Suda et al., 1999). To further clarify the role of Otx2
in AVE and of AVE in forebrain development, we identified
the cis-regulatory region (VEcis) of the mouse Otx2 gene
that governs the transgene expression in the visceral
endoderm before gastrulation and in the anterior definitive
endoderm after gastrulation; VEcis had no activity in either
the embryonic ectoderm or the anterior neuroectoderm.
The present study using this cis-regulatory region suggests
that Otx2 is essential to the anterior movement of distal
visceral endoderm cells prior to gastrulation. The AVE thus
formed suppresses posterior signals for development of the
anterior neuroectoderm; Otx2 also plays an essential role in
this suppression.
MATERIALS AND METHODS
Generation of lacZ Knock-in Mice
All constructs used in this study were generated by standard
molecular cloning techniques. The lacZ replacement vector was
constructed by the same strategy as the Otx1 replacement vector
Suda et al., 1999). In brief, a fusion gene consisting of the 59 G
Copyright © 2000 by Academic Press. All rightoncoding region of the Otx2 cDNA, the coding region of the lacZ
ene (without pA signal), and the neo cassette flanked with loxP
as constructed (Figs. 1A and 1B). Then the fusion gene was
nserted between the two sites that flank the translation initiation
odon of Otx2 located 213 bp upstream and 21 bp downstream of
he ATG, using polymerase chain reaction (PCR)-based mutagen-
sis (detailed procedures for this construction are available upon
equest). In the vector, the lengths of the homologous region were
.9 and 4.1 kb at the 59 and 39 sides of the insert, respectively (Fig.
A). Homologous recombinant TT2 embryonic stem cells and
himeric mice were obtained as described (Yagi et al., 1993). Male
himeras were mated with females that have the Cre gene driven
y the chicken b-actin promoter to delete the loxP-flanked neo
assette as described (Lewandoski et al., 1997).
Generation of VEcis-lacZ, -GFP, and -Otx2
Transgenic Mice
The VEcis-lacZ transgene was constructed as described (Kimura
et al., 1997). Fourteen transgenic founder (F0) mice harboring the
VEcis-lacZ were generated, and expression of the transgene was
evaluated at 6.25 to 7.5 days postcoitus (dpc) by b-galactosidase
b-gal) staining. Eleven lines exhibited nearly the same expression
patterns and 3 were expanded for the present analysis. To construct
the VEcis-GFP transgene, the sequence of the translational start
site of the lacZ gene in VEcis-lacZ was converted into the NcoI
inker sequence by PCR-based mutagenesis yielding VEcis-lacZ(N).
hen a 740-bp NcoI–EcoRI fragment of the plasmid pEGFP (Clon-
ech) was inserted between the NcoI and the EcoRI sites of the
Ecis-lacZ(N) vector. Seven transgenic founder mice harboring
Ecis-GFP were obtained, and expression of the transgene was
nitially evaluated from 6.5 to 7.5 dpc by fluorescence microscopy.
our lines displayed exactly the same expression patterns and were
xpanded for further analysis. To construct the VEcis-Otx2, mouse
tx2 cDNA and with polyadenylation sequences was isolated from
mouse 11.0-dpc cDNA library (Clontech) and ligated to VEcis
VEcis-Otx2 cDNA). The VEcis-Otx2 cDNA was incorporated in
ront of the VEcis-lacZ gene in the VEcis-lacZ vector. In situ
expression of the Otx2 transgene was same as the b-gal expression,
nd the VEcis-Otx2 expression was routinely assessed by the b-gal
xpression. Details of the VEcis-Otx2 transgene construction are
vailable upon request. Three independent mouse lines carrying
Ecis-Otx2 were established and no difference was found among
hem. Transgenic mice were generated by microinjection of DNAs
nto fertilized eggs from CD-1 or C57BL/6 mice as described (Hogan
t al., 1994). The mice were housed in environmentally controlled
ooms of the Center for Animal Resources and Development of
umamoto University under university guidelines for animal and
ecombinant DNA experiments.
Genotyping
Transgenic and knock-in founders and their progenitors were
routinely determined by PCR and confirmed, when necessary, by
Southern blots of genomic DNAs prepared from tails or yolk sacs
(Kimura et al., 1997). In the PCR analyses, the primers and the
lengths of the products were as follows: knocked-in lacZ in the
Otx2 allele (600 bp) with primer N3 (59-GCCTGCTTG-
CCGAATATCATGGTGGAAAAT) and primer p105 (59-AAT-
GCTCTGTGGCACTCGGCAGTTTGGTAG); knocked-in lacZ in
he excised allele (450 bp) with primer L3 (59-CTGCGCTGC-
GGACGCGCGAATTGAATTAT) and primer p105. VEcis-LacZ,
s of reproduction in any form reserved.
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306 Kimura et al.FIG. 1. Generation of lacZ knock-in mouse at Otx2 locus. (A) Diagrammatic representations of the Otx2 locus and lacZ knock-in mutation.
Ecis indicates the cis-regulatory DNA region used in this study (arrow). Thick lines indicate Otx2 genomic sequences and the thin line
Bluescript sequences. Filled boxes, Otx2 coding exons; arrowheads, loxP sequences; neor, neomycin-resistant gene with PGK promoter but
ithout polyadenylation signal; DT-A, diphtheria toxin A fragment gene with MC1 promoter (Yagi et al., 1993). Probes S and N are those used
or Southern blotting to identify the knock-in mutants. Ba, BamHI; BII, BglII; H, HindIII; N, NotI; Sl, SalI; Sm, SmaI; Sp, SphI. (B) The nucleotide
alignment around the translation initiation codon and stop codon in the lacZ knock-in allele. (C) Examples of Southern blot analyses of
homologous recombinant and wild-type mice. Digested with HindIII and hybridized with probe S (left) or with probe N (right).
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307Otx2 Functions in Visceral Endoderm-GFP, and -Otx2 transgenes were identified with primer L1 (59-
TCGCTACCATTACCAGTTGGTCTGGTGTCA) and primer L2
(59-GTGGTATGGCTGATTATGATCTCTAGTCAA), all yielding
662-bp products. The Otx2 null mutant allele was identified as
described (Matsuo et al., 1995).
Observation of GFP Fluorescence
GFP fluorescence of unfixed transgenic embryos was examined
under microscopes equipped with GFP excitation sources and
appropriate filters (Leica MZFLIII). Photographs of fluorescent
subjects were taken on Fuji 400 film.
X-gal Staining and Histological Analysis of
Embryos
Transgenic embryos were fixed in 0.1% glutaraldehyde–PBS for 5
min, followed by three washes with PBS for 5 min at room
temperature. Staining was carried out for 5–12 h at 37°C in PBS
containing 1 mg/ml X-gal, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, and
mM MgCl2. Stained embryos were washed twice with PBS and
immediately stored in 0.1% glutaraldehyde in PBS. For histological
analysis, embryos were embedded in paraplast. Serial sections (8
mm thick) were made and stained with 1% eosin. Mouse embryos
were staged according to morphological landmarks (Downs and
Davies, 1993). Whole-mount in situ hybridization was performed
s described (Wilkinson, 1993). The double staining for b-gal and T
mRNA expressions was performed as described (Ang et al., 1994).
Semi- and Ultrathin Sections
Transgenic embryos were dissected, fixed for 10 min with 2%
paraformaldehyde and 0.4% glutaraldehyde in PBS at room tem-
perature, washed twice with PBS, and stained for 4–10 h at 37°C.
The staining solution contained 2 mM Bluo-Gal (BRL), 20 mM
K3Fe(CN)6, 20 mM K4Fe(CN)6, and 2 mM MgCl2 in PBS as de-
cribed (Weis et al., 1991). After staining, embryos were washed
wice with PBS, incubated overnight in 2% paraformaldehyde plus
% glutaraldehyde in PBS, refixed for 1 h in 1% OsO4, and
mbedded in Epon 812. Semithin sections were made with a glass
nife (1 mm thick) and examined after toluidine blue staining.
ltrathin sections (0.1 mm thick) were obtained with a diamond
knife and examined without further staining.
Germ-Layer Explant Culture Assay
The assay was performed as described (Ang and Rossant, 1993;
Ang et al., 1994) with slight modifications; recombinants generated
re schematically illustrated in Fig. 7A. The 6.5-dpc VEcis–GFP
mbryos in early to midstreak stages were staged according to
orphological landmarks (Downs and Davies, 1993) and collected.
he embryos were treated in 0.5% trypsin and 0.25% pancreatin in
anks’ solution at room temperature for 3–5 min to separate
.5-dpc ectoderm and visceral endoderm and for 10 min to separate
.5-dpc ectoderm and anterior definitive endoderm; this endoderm
ccompanies cranial mesoderm. The visceral endoderm or anterior
efinitive endoderm layer was then separated from the ectoderm
ayer and dissected into GFP-positive and -negative parts using
ungsten needles under a fluorescence microscope and transferred
o Hanks’ solution; each part of the visceral endoderm was com-
osed of approximately 30 to 50 cells. Ectodermal explants were
Copyright © 2000 by Academic Press. All rightombined with each visceral endoderm or anterior definitive
ndoderm on a Nuclepore filter (Corning; Cat. No. 110614) (Shi-
amura and Rubenstein, 1997) and cultured on the filter while
eing floated on DMEM (Gibco BRL) with 15% fetal bovine serum
Gibco BRL; Lot No. 37N0230) for 24 h in a 37°C humidified
ncubator under 5% CO2–95% air. After the culture, explants were
xed in 4% paraformaldehyde for 2 h at 4°C. They were then
ashed twice with PBT solution, stored in 100% methanol, and
nalyzed for expression of each marker gene by whole-mount in
itu hybridization. The area of each explant was calculated after
omputer scanning with scales.
RESULTS
Otx2 cis-Regulatory Region Directs the Transgene
Expression in Visceral Endoderm
The genomic region of the mouse Otx2 gene encompass-
ing 218.6 to 19 kb (0 is the translation start site) was
surveyed for enhancer activity in the visceral endoderm by
generating transgenic mouse embryos with a reporter Esch-
erichia coli lacZ gene (Kimura et al., 1997). Screening was
done in transient transgenic embryos at 6.25 dpc immedi-
ately before the primitive streak formation. It identified the
enhancer activity in the 59 flanking region encompassing
21.8 to 0 kb (Figs. 1A and 2); no activity for the expression
in the visceral endoderm was found in other genomic
regions. This DNA fragment is designated the visceral
endoderm cis-regulatory region and the lacZ transgene
under this fragment VEcis-lacZ. To examine the expression
of the VEcis-lacZ transgene in detail, transgenic mouse
lines (VEcis-lacZ) were established, and the following b-gal
activity was analyzed with hemizygous transgenic em-
bryos, all giving identical b-gal staining (see Materials and
ethods).
To determine how the lacZ expression in VEcis-lacZ
mbryos reflected the endogenous Otx2 expression, we also
enerated mutant mice in which the lacZ gene was inserted
nto the Otx2 locus (Fig. 1); the Otx2 gene was disrupted by
nserting the lacZ gene and neomycin resistance (neor) gene
nto the first exon, thus deleting the first 21 bp coding
equences of Otx2 gene (Figs. 1A and 1B). To exclude
ossible effects of the PGK promoter which directed the
eor gene, the PGK-neor was flanked by loxP sequences and
deleted by crossing the male chimeras with females that
had the Cre gene driven by the chicken b-actin promoter
(Lewandoski et al., 1997; Fig. 1C). The resulting heterozy-
gous mice were designated KI-lacZ. In the KI-lacZ mice the
lacZ reporter gene should be transcribed as a fusion mRNA
composed of Otx2 59 untranslated region, lacZ coding
egion, and 39 region of Otx2 mRNA (Fig. 1B); this was
onfirmed by RT-PCR analysis of 9.5-dpc embryos (data not
hown). The b-gal activity was examined with the heterozy-
gous KI-lacZ embryos.
The b-gal expression pattern was analyzed from 3.5 to 7.5
dpc (Figs. 2 and 4). No expression was found in the morula
or blastocyst stage of VEcis-lacZ or KI-lacZ embryos (data
not shown). At 5.5 dpc, the expression in VEcis-lacZ em-
s of reproduction in any form reserved.
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308 Kimura et al.bryos was first found at the distal part of the visceral
endoderm as was that in KI-lacZ (Figs. 2A–2D). The lacZ
FIG. 2. VEcis directs the lacZ expression in visceral endoderm befor
) expression of endogenous Otx2 mRNA and (N) of lacZ RNA at 5.5 to
G, J) embryos. (B and C, F, M) b-Gal expression in cross sections at the
show lateral whole-mount views. b-Gal expression is detected in the
asterisks) of both VEcis-lacZ and KI-lacZ embryos at 5.5 dpc (A–D).
KI-lacZ embryos (E, H, arrowheads). Though faint, Otx2 transcript
arrowheads) and in the entire embryonic ectoderm (G, arrows), while
ndoderm (E, F, H) and not in the ectoderm (F, asterisks). By 6.0 dpc,
(I, K). At this stage Otx2 transcripts are intense in the embryonic
b-gal-positive cells are restricted in the AVE (L, O) but not in the embry
ut not in the ectoderm (N). Scale bars, 100 mm. Abbreviations: a, anmRNA was also found only in the visceral endoderm and o
Copyright © 2000 by Academic Press. All rightot in the embryonic ectoderm (Figs. 2N and 4B). Thus
Ecis does not have transcriptional activity in the embry-
itive streak formation. (A–F, H, I, K–M, O) b-Gal expression and (G,
dpc; VEcis-lacZ (A–C, E, F, I, L–N), KI-lacZ (D, H, K, O), and wild-type
s indicated in (A, E, L) whole-mount embryos, respectively; the others
al visceral endoderm (A, arrowheads; B) but not in the ectoderm (C,
75 dpc, the b-gal expression begins to move in both VEcis-lacZ and
detected in the visceral endoderm at the laterodistal position (G,
l expression in VEcis-lacZ and KI-lacZ is found only in the visceral
expression in both VEcis-lacZ and KI-lacZ embryos reaches the AVE
derm (J, arrows). Prior to primitive streak formation at 6.25 dpc,
ectoderm (M, asterisks). VEcis-lacZ RNA is also detected in the AVE,
r; e, embryonic ectoderm; p, posterior.e prim
6.25
level
dist
By 5.
s are
b-ga
b-gal
ecto
onicnic ectoderm (Figs. 2B and 2C; see Discussion).
s of reproduction in any form reserved.
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309Otx2 Functions in Visceral EndodermIn both VEcis-lacZ and KI-lacZ embryos the b-gal expres-
ion in the distal visceral endoderm had begun to shift to
ne side by 5.75 dpc (Figs. 2E, 2F, and 2H). This corresponds
o the future anterior side of the body since the primitive
treak is always formed on the opposite side later (Figs.
A–4H). At this stage, endogenous Otx2 transcripts in the
isceral endoderm were also found, though faint, in the
aterodistal part (Fig. 2G). By 6.0 dpc, the b-gal-positive
region reached the AVE in both VEcis-lacZ and KI-lacZ
embryos; at this stage Otx2 mRNA was not apparent in the
visceral endoderm because of its intensive expression in the
entire embryonic ectoderm (Figs. 2I and 2J). Later at 6.25
dpc, the b-gal expression was confined to the AVE (Figs. 2L,
M, and 2O). The unidirectional shift of the VEcis activity
as confirmed by a vital observation for the 24-h culture of
he 5.5-dpc VEcis-GFP embryos (cf. Figs. 3A–3C). Since
istal visceral endoderm cells at 5.5 dpc are known to move
o the anterior side by 6.0 dpc (Thomas et al., 1998), the
hift of b-gal-positive cells is most likely due to the move-
ent of these cells, rather than to changes in visceral
ndoderm cells expressing b-gal. Thus, VEcis is a cis-
regulatory region of the Otx2 gene for its expression in
visceral endoderm cells which exist distally at 5.5 dpc, but
move to the anterior side and generate AVE cells by 6.25
dpc.
Morphological Features of VEcis-Active Visceral
Endoderm Cells
Visceral endoderm has been known to have different
morphology in extraembryonic and embryonic parts: tall
columnar and squamous, respectively (Enders et al., 1978;
atten and Haar, 1979). No morphological difference, how-
ver, was reported within its embryonic region. The above
tudies suggested that VEcis-active visceral endoderm cells
epresent a unique subset of the endoderm cells, and the
ossibility that these cells have a unique morphological
eature was suggested by a vital observation with VEcis–
FP transgenic embryos. The GFP-positive visceral
ndoderm was prominently thicker than GFP-negative vis-
eral endoderm by bright-field observation at 5.75 dpc (Figs.
B and 3E). Such difference was lost at 6.25 dpc (Figs. 3C
nd 3F), and 5.75 dpc is the time when distal visceral
ndoderm cells start to move anteriorly. Fine structures
ere then examined by high-resolution light microscopy
nd electron microscopy (Figs. 3G–3N). At 5.75 dpc b-gal-
negative visceral endoderm had typical endoderm morphol-
ogy consisting of a simple cuboidal epithelium (Figs. 3G and
3H); these cells had many microvilli, large pinocytic vacu-
oles, and a small flat nucleus characteristic of endodermal
cells (Figs. 3I and 3J). The b-gal-positive visceral endoderm,
owever, was composed of a two-cell layer of pseudostrati-
ed columnar or stratified cuboidal epithelium (Figs. 3G–
I). The positive cells had fewer microvilli and pinocytic
acuoles but contained a large oval nucleus and prominent
ucleoli (Figs. 3G and 3I). These distinct morphologies of
he visceral endoderm were strictly confined to the b-gal-
Copyright © 2000 by Academic Press. All rightpositive area. Little morphological difference was found
regionally in embryonic ectoderm (Figs. 3G–3J); the ecto-
derm was composed of tall pseudostratified columnar or
stratified epithelium with a large oval nucleus and promi-
nent nucleoli (Figs. 3G–3J). Later at 6.25 dpc when VEcis-
active cells settled in the AVE, the entire visceral endoderm
displayed typical endoderm morphology (Figs. 3K–3N; Bat-
ten and Haar, 1979); the b-gal-positive AVE cells now had
his morphology with no distinctiveness. Of note is that all
b-gal-positive cells moved to AVE.
After Gastrulation VEcis Has an Activity in
Anterior Definitive Endoderm
At an early streak stage (6.5 dpc), the b-gal expression in
Ecis-lacZ embryos was found not only in AVE but also in
esodermal cells which started to migrate from both the
roximal and the distal part of the primitive streak (Figs.
A, 4B, and 4E). However, the expression of endogenous
tx2 mRNA or b-gal in KI-lacZ was not found in the
mesodermal cells from the proximal side (Figs. 4C, 4D,
4F–4H). The cell lineage analysis in mouse has demon-
strated that the cells arising in the distal part of primitive
streak close to the node contribute to the anterior-definitive
endoderm and cranial mesoderm (Lawson et al., 1991; Tam
and Behringer, 1997). With the progress of gastrulation, the
b-gal-positive AVE was gradually replaced by the b-gal-
positive definitive endoderm (data not shown). Later at the
headfold stage, b-gal expression in both VEcis-lacZ and
I-lacZ embryos and endogenous Otx2 transcripts were
etected in the anterior definitive endoderm, including the
rechordal plate (Figs. 4I–4L). VEcis, however, does not
irect the transgene expression in the head process where
b-gal in KI-lacZ and endogenous Otx2 transcripts are
present (Figs. 4J and 4M–4O). In addition, though b-gal
xpression in KI-lacZ and endogenous Otx2 transcripts
ere found in the anterior neuroectoderm, b-gal expression
in VEcis-lacZ was never found in the ectoderm, nor was any
lacZ RNA product detected in this tissue by in situ hybrid-
ization (Figs. 4M–4O; data not shown). Finally, the VEcis
directed the b-gal expression in the cranial mesoderm
where neither b-gal expression in KI-lacZ nor endogenous
tx2 transcripts were found (Figs. 4M–4O). Thus, after
astrulation the VEcis has activity in cells fated to anterior
efinitive endoderm but not in anterior neuroectoderm or
he head process. However, it also has ectopic activities in
issues such as mesodermal cells from the proximal primi-
ive streak and cranial mesoderm.
Otx2 Is Essential to Anterior Movement of Distal
Visceral Endoderm Cells
To examine the behavior of the VEcis-active visceral
endoderm cells in Otx22/2 mutants and the roles of the cells
in forebrain development, we next placed the VEcis-lacZ
transgene in the Otx22/2 background. In this background
even at 6.5 dpc the VEcis-active cells existed in the thick-
s of reproduction in any form reserved.
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311Otx2 Functions in Visceral Endodermened distal visceral endoderm (Figs. 5A and 5B). In Otx22/2
mutants, even at 6.5 dpc, AVE markers, Cer-l and Lim1,
have been reported to exist in the distal visceral endoderm,
and a posterior embryonic ectoderm marker, T, is present in
the proximal ectoderm (Figs. 5K and 5L, Acampora et al.,
1998; also see Introduction). Other markers of AVE, Hnf3b,
ex, and Lefty1, were also found in the distal visceral
ndoderm and other posterior ectoderm markers, Lefty2,
nt3, and Cripto, in the proximal ectoderm of 6.5-dpc
Otx22/2 embryos (Figs. 5C–5J and 5M–5P). Although the
intensities of these expressions were unchanged in most of
the genes, T expression was enhanced and expanded and
Cripto expression was found in the entire embryonic ecto-
derm of Otx22/2 embryos (Figs. 5K–5P).
Thus the earliest defect due to the Otx2 mutation is
ailure in the movement of distal visceral endoderm cells to
he future anterior side and in the shift of proximal ecto-
erm markers to the posterior side. Gastrulation took place
t this stage without these in Otx22/2 embryos (Fig. 5B,
rrowheads). Later anterior definitive endoderm was not
ormed as evidenced by VEcis-lacZ expression (Fig. 6F) and
molecular marker such as Hnf3b (Fig. 6I; Ang et al., 1996).
or were markers of anterior neuroectoderm ever induced
Fig. 6L; Suda et al., 1999).
To confirm the function of Otx2 in the anterior move-
ment of distal visceral endoderm cells and the role of the
movement in forebrain development, we next examined
whether the Otx2 cDNA transgene directed by the VEcis
(VEcis-Otx2) could restore the defects in Otx22/2 embryos
(Fig. 6A). For this purpose VEcis-Otx2 was connected to
VEcis-lacZ to deduce the expression of the integrated trans-
gene (Figs. 6A and 6B); the in situ analysis showed the Otx2
transgene expression similar to the b-gal expression (data
not shown). Indeed, the transgene could restore the anterior
movement of distal visceral endoderm cells as evidenced by
expression of b-gal and AVE markers at 6.5 dpc (Figs. 6B–6D
FIG. 3. Morphological features of VEcis-active visceral endoder
ransgenic embryos under fluorescence microscope. At 5.5 dpc, the
A, D, arrowheads). At 5.75 dpc, the GFP signal is present in the thic
ide of the embryo (B, E, arrowheads). At 6.25 dpc, the GFP fluoresc
xpression are exactly the same as those in b-gal expression in VEc
semithin plastic sections stained with toluidine blue. The transver
isceral endoderm consists of pseudostratified columnar or stratifie
ayer of the epithelium (G). Several cells are dividing (G, white arr
epithelium with many pinocytic profiles. (I, J) Ultrastructures of th
in the electron micrographs are marked in the adjacent semithin se
precipitates that bind tightly to internal membranes. b-Gal-positi
arrows), but contain fewer microvilli or vacuoles. In contrast, b-g
microvilli (arrowheads), and large pinocytic vacuoles (va). (K, L) Fi
without toluidine blue staining. The transverse section was made at
endoderm cells constitute a simple squamous or cuboidal epitheliu
microscopy. The areas shown in the electron micrographs are mark
-negative posterior visceral endoderm cells had irregularly shaped n
vacuoles and large nucleoli. Original magnifications: (I) 31500, (
Abbreviations: a, anterior; e, embryonic ectoderm; mv, microvilli; n, n
Copyright © 2000 by Academic Press. All rightand data not shown). Concomitantly, anterior definitive
endoderm and anterior neuroectoderm were restored in
Otx22/2 mutants by the transgene as indicated by the b-gal,
Hnf3b, and Six3 expression (Figs. 6G, 6J, and 6M). Six3
xpression, however, was not maintained beyond 8.5 dpc,
robably because of the absence of the Otx2 expression in
he anterior neuroectoderm (data not shown; Suda et al.,
999).
AVE Does Not Induce the Expression of Anterior
Markers in Embryonic Ectoderm
The above analysis, however, did not reveal the mecha-
nism by which the AVE directs forebrain development. A
germ-layer explant assay was reported by Ang et al. with
6.5-dpc embryonic ectoderm and 7.5-dpc anterior defini-
tive endoderm, demonstrating that the anterior definitive
endoderm induces anterior neuroectoderm markers,
Otx2 and En2, in the ectoderm (Ang and Rossant, 1993;
Ang et al., 1994). With this assay the assumption that
AVE also induces anterior neuroectoderm markers in the
ectoderm explants was tested (Fig. 7, Table 1). Using
VEcis–GFP transgenic embryos at 6.5 dpc (Fig. 7A), ante-
rior and posterior visceral endoderm from wild-type em-
bryos in the early to midstreak stage and VEcis-active
visceral endoderm from Otx22/2 embryos in the same
tage were dissected out under the fluorescence micro-
cope (Figs. 7B and 7C); the size ratio of each visceral
ndoderm to the ectoderm was about one-tenth (Figs. 7D
nd 7E; see the figure legend). The culture conditions
ere set up so that Otx2 and En2 expression was induced
in the embryonic ectoderm by anterior definitive
endoderm as reported by Ang et al. (data not shown).
Under this condition AVE as well as Otx22/2 GFP-
ositive visceral endoderm continued to express GFP
ignals for the 24-h culture, suggesting the maintenance
–C) Bright-field views and (D–F) dark-field views of VEcis-GFP
fluorescent signal is found in the distal part of visceral endoderm
d visceral endoderm that begins to shift to the prospective anterior
ignal is found in the AVE (C, F, arrowhead). These changes in GFP
cZ embryos (Fig. 2). (G, H) Fine structures of 5.75-dpc embryos on
ction was made at the level indicated in Fig. 2F. The b-gal-positive
oidal epithelium. Black arrows indicate the area with the two-cell
The b-gal-negative visceral endoderm consists of simple cuboidal
5-dpc visceral endoderm by electron microscopy. The areas shown
(H). The Bluo-Gal reaction product forms fine and electron-dense
sceral endoderm cells have large nucleus (n) and clearer nucleoli
gative visceral endoderm cells have a small nucleus (n), abundant
ructures of 6.25-dpc embryos on semithin plastic sections with or
evel indicated in Fig. 2M. Both b-gal-positive and -negative visceral
, N) Ultrastructures of the 6.25-dpc visceral endoderm by electron
the adjacent semithin section (L). Both b-gal-positive anterior and
(n), prominent microvillous borders (arrowheads), many pinocytic
N) 32000. Scale bars, 100 mm in (A–C), 50 mm in (G, H, K, L).m. (A
GFP
kene
ent s
is-la
se se
d cub
ow).
e 5.7
ction
ve vi
al-ne
ne st
the l
m. (M
ed in
uclei
J, M,ucleus; p, posterior; va, vacuole.
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312 Kimura et al.of the Otx2 expression in or the integrity of the AVE (Fig.
G and data not shown). At the beginning of the culture
FIG. 4. During gastrulation VEcis directs lacZ expression in anter
, N) endogenous Otx2 mRNA expression, and (B) lacZ mRNA exp
sections at the levels indicated in (A, C, D, J–L). Among the images
L) are lateral views. In VEcis-lacZ embryos both b-gal and lacZ RN
primitive streak cells at 6.5 dpc (A, B, E). b-Gal expression in KI-lacZ
nly in the AVE and the distal primitive streak cells, and not in th
b-gal expression is found in both the anterior definitive endoderm
in the anterior neuroectoderm or head process (J, M, arrows). Howev
found in the anterior definitive endoderm, head process, and anter
bars, 100 mm. Abbreviations: ADE, anterior definitive endoderm; an
primitive streak; hp, head process; pp, prechordal plate; p-ps, proxll the ectoderm expressed Otx2, but 24 h later Otx2- w
Copyright © 2000 by Academic Press. All rightositive ectoderm explants decreased to 40%, when cul-
ured alone. Unexpectedly, no increase in the percentage
efinitive endoderm. (A, D, E, G–J, L, M, O) b-Gal expression, (C, F,
on. (E–H, M–O) The expression of b-gal or Otx2 transcripts in cross
ing whole embryos, (J) is a frontal view and the others (A–D, I, K,
re found not only in the AVE, but also in the proximal and distal
ryos and endogenous Otx2 RNA transcripts, however, are detected
ximal cells (C, D, F–H). At headfold stage, in VEcis-lacZ embryos
he cranial mesoderm (I, J, M, arrowheads), while it is not detected
-gal expression in KI-lacZ embryos and endogenous Otx2 RNA are
euroectoderm, but not in the cranial mesoderm (K, L, N, O). Scale
terior neuroectoderm; AVE, anterior visceral endoderm; d-ps, distal
primitive streak; ps, primitive streak.ior d
ressi
show
As a
emb
e pro
and t
er, b
ior n
e, anas found by coculture with AVE (Table 1). Thus Otx2
s of reproduction in any form reserved.
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313Otx2 Functions in Visceral EndodermFIG. 5. The defects in Otx22/2 embryos at early gastrulation stage. (A, B) b-Gal expression in VEcis-lacZ embryos under Otx22/2
background in a whole-mount lateral view (A) and a sagittal section (B). The primitive streak is formed at the proximal region (B,
arrowheads), but b-gal expression persisted in thickened distal visceral endoderm even at 6.5 dpc. (C–P) Marker analyses by whole-mount
n situ hybridization are shown on wild-type (C, E, G, I, K, M) and Otx22/2 embryos (D,F,H,J,L,N). (O,P) The sagittal sections are shown on
a wild-type (O) and an Otx22/2 embryo (P). In (C, E, G, I, K, M, O) the anterior is at left. At this stage, Otx22/2 embryos can be identified
by the reduction in size of the embryonic ectoderm and by the thickened visceral endoderm at the distal tip of the egg cylinder. Hnf3b (C),
Hex (E), and Lefty1 (G) expressions are found in the AVE in wild-type embryos, but remain in the distal visceral endoderm in Otx22/2
embryos (D, F, H); the numbers of the mutant embryos examined (n) are 2, 3, and 3, respectively. Lefty2 (G) and Wnt3 (I) are expressed in
the posterior embryonic ectoderm and primitive streak in wild-type embryos. However, their expressions are found in the proximal region
of Otx22/2 ectoderm (H, J); n 5 3 and 5, respectively. The Lefty probe used detects both Lefty1 and Lefty2, and each expression is assigned
s above by Meno et al. (1999). In wild-type embryo, T is expressed in the posterior ectoderm or primitive streak (K). In Otx22/2 embryos
t is expressed intensively in the proximal region (L; n 5 7); the expression is enhanced and expanded. In wild-type embryos Cripto
xpression is found in the posterior ectoderm (M, O), but in Otx22/2 embryos it is found throughout the embryonic ectoderm (N, P; n 54). Scale bars, 100 mm. Abbreviations: a, anterior; AVE, anterior visceral endoderm; p, posterior.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightexpression is neither maintained nor further induced by
AVE. Since Otx2 is not a marker that is specific to
anterior neuroectoderm, further analysis was made with
Rpx/Hesx1 and Six3. The ectoderm, when cultured alone,
id not express these markers, nor was their expression
nduced by coculture with AVE (Table 1). These results
uggest that, in contrast to anterior definitive endoderm
he AVE cannot directly induce anterior character in the
mbryonic ectoderm.
AVE Represses the Expression of Posterior Markers
in Embryonic Ectoderm
An alternative mechanism by which the AVE may
function is by suppressing the posterior character in the
embryonic ectoderm. Among caudal ectoderm markers,
expression of T and Cripto was apparently enhanced or
expanded by the Otx22/2 mutation (Figs. 5K–5P), and we
xamined their expression in the combination explants
Figs. 8A– 8I, Table 1). All the ectoderm explants when
ultured alone strongly expressed T transcripts; each
xplant from early to midstreak embryos expressed T in
bout half its area (Fig. 8A, Table 1). The AVE indeed
educed this T expression significantly in more than half
f the explants (Figs. 8A and 8B, Table 1); however, it was
nable to repress the expression completely in any ecto-
erm explant. This could be because AVE exerts its
ffects over only a short distance and its size is about
ne-tenth that of the ectoderm; the AVE is 30 to 50 cells
nd the ectoderm more than 500 cells. This possibility
as tested by conducting an assay with the AVE from
OSA 26 b-gal-expressing embryos (Figs. 8C and 8D). T
xpression was indeed inhibited in the ectoderm area
nly where the b-gal-positive AVE contact was close
Figs. 8C and 8D). Failure in suppression of T expression
n fewer than half the explants may be due to the AVE
ontact with the T-negative area of the ectoderm and/or
echnical problems with its contact to the ectoderm
xplant.
the VEcis-Otx2 transgene (J, M). (B–D, F, H–M) Lateral views, (E) a
frontal view, and (G) a ventral view. In Otx22/2 embryos b-gal-
ositive visceral endoderm cells remain at the distal side of the egg
ylinder (C). The VEcis-Otx2 transgene restores the anterior move-
ment of b-gal-positive distal visceral endoderm cells in Otx22/2
embryos (D, arrowhead). With primitive streak formation, b-gal-
ositive mesoderm-like cells are produced in Otx22/2 embryos, but
hey do not form the anterior definitive endoderm (F). The VEcis-
tx2 transgene restores the anterior definitive endoderm in these
mbryos (G). Hnf3b expression does not extend rostrally (I) in these
embryos, implying the lack of the anterior axial mesendoderm (Ang
et al., 1996), and this defect is restored by the VEcis-Otx2 transgene
(J, arrowhead). Six3 transcripts are never induced in Otx22/2 em-
ryos (L), but Six3-positive anterior neuroectoderm is induced in
tx22/2 embryos by the VEcis-Otx2 transgene (M, arrowhead).
cale bars, 100 mm. Abbreviations: ADE, anterior definitiveFIG. 6. Rescue of Otx22/2 defects by the VEcis-Otx2 transgene.
chematic representation of the VEcis-Otx2 transgene construct
A). b-Gal expression in VEcis-Otx2 embryos on wild-type (B, E) and
Otx22/2 (D, G) background and in VEcis-lacZ embryos on Otx22/2
background (C, F) at 6.5 (B–D) and 7.5 dpc (E–G). Hnf3b (H–J) and
ix3 (K–M) expression at 7.5 (H–J) and 8.25 dpc (K–M) in wild-typeendoderm; AVE, anterior visceral endoderm.
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315Otx2 Functions in Visceral EndodermIn contrast to the AVE, the posterior visceral endoderm
could not suppress T expression (Fig. 8E, Table 1). The
.5-dpc anterior definitive endoderm that was able to in-
uce the anterior neuroectoderm markers, En2 and Otx2,
ould not repress T expression either (Fig. 8G, Table 1).
urthermore, GFP-positive visceral endoderm cells from
tx22/2 embryos could not suppress T expression (Fig. 8F,
FIG. 7. Explant recombination assays. (A) Schematic represent
ndoderm and embryonic ectoderm, and Otx22/2 distal visceral end
issected using GFP fluorescence as a marker. Each visceral endod
arker was examined after the 24-h culture. (B, C) An example o
embryos; (B) a bright-field view and (C) a dark-field view under the fl
layer. (D, E) Examples of recombination explants. In (D) b-gal-p
embryonic ectoderm from wild-type embryos and in (E) b-gal-posit
f the ectoderm explants was 0.13 mm2 on average, and of the reco
ny component during the 24-h culture. (F, G) Maintenance of Otx2
uring the 24-h culture (G, white arrowhead); (F) a bright-field view
00 mm. Abbreviations: AVE, anterior visceral endoderm; DVE (
posterior visceral endoderm; VE, visceral endoderm.Table 1). t
Copyright © 2000 by Academic Press. All rightThe ability of the AVE to repress the posterior character
n embryonic ectoderm was confirmed with another poste-
ior marker, Cripto (Ding et al., 1998); the embryonic
ctoderm at early to midstreak stage, when cultured alone,
lso expressed Cripto (Fig. 8H). Its expression was also
educed by coculture with 6.5-dpc AVE (Fig. 8I, Table 1).
inally, the question of whether AVE could also suppress
of the recombination assay. Wild-type AVE, posterior visceral
m of 6.5-dpc VEcis–GFP embryos in early to midstreak stages were
was combined with embryonic ectoderm, and expression of each
aration of embryonic ectoderm and visceral endoderm in Otx22/2
scence microscope. Left is ectoderm and right is visceral endoderm
ve AVE from ROSA26 embryos (arrowheads) is combined with
bryonic ectoderm of ROSA26 embryos with wild-type AVE. Size
nant explants 0.14 mm2; there was no apparent increase in size of
ression in the visceral endoderm assessed by VEcis-GFP expression
G) a dark-field view under the fluorescence microscope. Scale bars,
), distal visceral endoderm from Otx22/2 mutant embryos; PVE,ation
oder
erm
f sep
uore
ositi
ive em
mbi
exp
and (
2/2he posterior character at later stages was tested with
s of reproduction in any form reserved.
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316 Kimura et al.posterior neuroectoderm at headfold stage and Hoxb9 as a
marker. Hoxb9 was strongly expressed in all the neuroec-
toderm explants when cultured alone (Fig. 8J, Table 1).
However, its expression was not reduced by coculture with
AVE (Fig. 8K, Table 1).
These findings taken together strongly suggest that the
AVE represses the posteriorizing signal, rather than sending
positive signals, to develop the anterior neuroectoderm.
Otx2 is also essential to this suppression by the AVE. It is,
however, the posteriorizing signal at early primitive streak
TABLE 1
Summary of Germ-Layer Explant Culture Assays
arker Explanta
No.
analyzed
No.
positive
explantsb
(%)
Otx2 Ectoderm 15 6 (40)
Ectoderm 1 AVE 11 5 (45)
Hesx1 Ectoderm 17 0 (0)
Ectoderm 1 AVE 19 0 (0)
Six3 Ectoderm 23 0 (0)
Ectoderm 1 AVE 16 0 (0)
T Ectoderm: prestreak 8 8 (100)
Ectoderm: early streak 10 10 (100)
Ectoderm: midstreak 10 10 (100)
Ectoderm: late streak 10 10 (100)
Ectoderm 33 33 (100)
Ectoderm 1 AVE 20 9 (45)c
Ectoderm 1 PVE 20 18 (90)c
Ectoderm 1 Otx22/2 DVE 23 21 (91)c
Ectoderm 1 AME 19 19 (100)
Cripto Ectoderm 21 19 (92)
Ectoderm 1 AVE 19 8 (42)d
Hoxb9 PNE: bud stage 26 22 (85)
PNE: headfold 33 33 (100)
PNE 1 AVE 21 21 (100)
a Unless otherwise indicated, ectoderm explants were obtained
rom 6.5-dpc embryos in early and midstreak stages and neuroec-
oderm from 7.8-dpc embryos in headfold stage. AVE, DVE, and
VE are anterior, distal, and posterior visceral endoderm from the
.5-dpc embryos, respectively; AME, anterior mesendoderm from
.5-dpc embryos.
b For T, Cripto, and Hoxb9 the number of explants in which the
marker-positive area is more than half that of the control ectoderm
explants; the average % of T, Cripto, and Hoxb9 positive area in the
ectoderm explants cultured alone is 46, 38, and 54%, respectively.
Thus, the numbers given are those of the explants in which the
positive area is more than 23, 19, and 27%, respectively.
c Significance difference by x2 test between ectoderm alone and
ectoderm 1 AVE at P , 0.0001, that between ectoderm 1 AVE
and ectoderm 1 PVE and between ectoderm 1 AVE and ecto-
derm 1 mutated DVE both at P , 0.005.
d Significance difference between ectoderm alone and ecto-
derm 1 AVE by x2 test at P , 0.005.stage, but not at later stages. V
Copyright © 2000 by Academic Press. All rightDISCUSSION
cis-Regulatory Region of Mouse Otx2 Governs
Expression in Visceral Endoderm
VEcis recapitulates the endogenous Otx2 expression in
he visceral endoderm before gastrulation and in the ante-
ior definitive endoderm during gastrulation. However, it
oes not direct the expression in embryonic ectoderm or
nterior neuroectoderm where endogenous Otx2 is ex-
ressed, nor does VEcis have activity in the head process.
n the other hand, VEcis has ectopic activities in meso-
erm that originated in the proximal primitive streak and
ranial mesoderm. It remains for future studies to deter-
ine whether these ectopic activities are due to the pres-
nce of silencer elements outside VEcis or are simply
rtificial.
Puzzling is the absence of b-gal expression in embryonic
ctoderm of KI-lacZ embryos as reported by Acampora et al.
hey have explained this by posttranscriptional control
ince lacZ RNA is found in the ectoderm by in situ
ybridization (Acampora et al., 1995, 1998). The knock-in
utation by Acampora et al. deleted sequences from the
rst exon to the second intron to be replaced with the lacZ
ene and left behind the neor gene with the PGK promoter.
The lacZ gene was transcribed with its exogenous SV40
polyadenylation sequences. In our KI-lacZ mutation, the
lacZ gene with no polyadenylation signals was inserted into
the first exon, deleting only the first 21 bp coding sequences
within the first exon, and the neor gene with the PGK
promoter was removed by the Cre/loxP system (Lewan-
doski et al., 1997). The lacZ gene was transcribed in the
fusion with Otx2 mRNA. Thus there are several alterations
in the knock-in mutation by Acampora et al. that could
affect the endogenous expression, whereas they are mini-
mal in our knock-in mutation. Nevertheless, b-gal was not
xpressed even in the embryonic ectoderm of our KI-lacZ
utants. The reason is uncertain, and this raised a question
f whether the absence of this expression in the VEcis-lacZ
mbryonic ectoderm might be due to the same reason. No
acZ RNA was, however, found in the embryonic ectoderm
f VEcis-lacZ embryos. In addition, we have found the
is-regulatory region that directs expression in the embry-
nic ectoderm at a far 59 upstream region (our unpublished
ata). Thus we conclude that the VEcis does not have the
is-regulatory elements necessary for Otx2 expression in
mbryonic ectoderm.
VEcis is the 59 flanking region encompassing 21.8 to 0 kb
0 is the translational start site). By now the essential
equences have been narrowed down into 140-bp se-
uences, but even in these sequences the elements respon-
ible for Otx2 expression in both visceral endoderm and
nterior definitive endoderm exist (data not shown). Dissec-
ion of their core elements is in progress, but this is the
ork on the role of AVE in head development with the
Ecis.
s of reproduction in any form reserved.
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317Otx2 Functions in Visceral EndodermAnterior Movement of the VEcis-Active Visceral
Endoderm Cells
Although Otx2 has been known to be expressed in
visceral endoderm at the egg cylinder stage, the behavior of
Otx2-positive visceral endoderm cells has not been deter-
mined in either wild-type embryos or Otx2 mutants mainly
FIG. 8. Suppression of posterior marker expression by AVE. (A–D
stably expressed in about 46% of the area of each explant when th
ectoderm explants from pre- to late streak embryos (see Table 1). T
y AVE, but not completely eliminated (B). Then AVE was tak
xpression was examined in the ectoderm area where b-gal (ROSA
purple) expression is found in the area where b-gal (ROSA 26)-posi
xpression by posterior visceral endoderm (E), Otx22/2 distal viscer
endoderm was isolated from 7.5-dpc wild-type embryos. (H, I) Supp
No suppression of Hoxb9 expression in posterior neuroectoderm ex
nterior definitive endoderm; AVE, anterior visceral endoderm; Otx
posterior visceral endoderm.because of the intense Otx2 expression in embryonic ecto-
Copyright © 2000 by Academic Press. All righterm. In the lacZ knock-in mutants by Acampora et al.
1995), b-gal expression appears to be initially expressed in
he entire visceral endoderm in the embryonic region and
onfined to AVE before primitive streak formation. The
b-gal expression in our KI-lacZ embryos contradicts this:
Otx2-positive cells are a unique subset of visceral
e suppression of T expression in ectoderm explants by AVE. T is
oderm is cultured alone for 24 h (A). The expression was stable in
ression in the early to midstreak ectoderm explants is suppressed
om VEcis–GFP and ROSA 26 double-transgenic embryos and T
positive (light blue) AVE was present (C, D). The suppression of T
AVE contact was close (D, arrowheads). (E–G) No suppression of T
doderm (F), or anterior definitive endoderm (G); anterior definitive
on of Cripto expression in ectoderm explants (H) by AVE (I). (J, K)
s from headfold stage embryos (J) by AVE (K). Abbreviations: ADE,
VE, distal visceral endoderm from Otx22/2 mutant embryos; PVE,) Th
e ect
exp
en fr
26)-
tive
al en
ressi
plant
22/2 Dendoderm cells. They initially exist at the distal visceral
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318 Kimura et al.endoderm, at 5.75 dpc start to move anteriorly, and settle in
AVE by 6.25 dpc. The discrepancy may be explained by
differences in the knock-in mutations described above. In
mRNA in situ hybridization, though the intensity was low,
t 5.75 dpc Otx2 expression was found only in cells at the
laterodistal position, and not in the entire visceral
endoderm.
In any event, VEcis had an activity in a unique subset of
cells that initially localizes at the distal visceral endoderm
and shifts to AVE prior to gastrulation. This expression
pattern is similar to that of the Hex gene (Thomas et al.,
1998), and a dye labeling experiment has indicated that
distal visceral endoderm cells at 5.5 dpc move anteriorly by
6.0 dpc (Thomas et al., 1998). Thus the anterior shift of
VEcis activity may also be due to the movement of these
cells, rather than to a change in cells expressing b-gal.
Morphologically the earliest signs of anterior specifica-
tion have been found immediately before gastrulation in
mammalian embryos having a flat embryonic disc: cuboidal
AVE and the thickened ectoderm at the anterior margin in
rabbit embryos (Viebahn et al., 1995). In rodents the em-
bryos at egg cylinder stage have polarity only along the
distal/proximal axis, and the A-P axis has been thought to
be established only with the primitive streak formation
(Batten and Haar, 1979; Poelmann, 1980; Kaufman, 1992).
This study revealed morphological polarity at 5.75 dpc in
mouse visceral endoderm that corresponds to the future
A-P axis. This polarity, however, was lost by 6.25 dpc, and
the VEcis-active cells had differentiated into typical
endodermal epithelium. The implication of this remains to
be clarified. Though distal visceral endoderm cells are
known to move anteriorly prior to gastrulation, how they
move is a question since the visceral endoderm consists of
a single epithelial cell layer (Batten and Haar, 1979; Poel-
mann, 1980; Kaufman, 1992). One possibility is that not
just the distal visceral endoderm cells but all endoderm
cells move as a sheet. Indeed, a lineage analysis suggests
that there is a unidirectional, posterior-to-anterior move-
ment in the visceral endoderm (Weber et al., 1999). It is,
however, plausible that the visceral endoderm cells with
unique morphology in the two-cell layer at 5.75 dpc imply
the cells in movement: distal visceral endoderm cells may
move by detaching from the single epithelial cell sheet. The
fact that these cells precisely matched with VEcis-active
cells suggests that all VEcis-active cells move to the ante-
rior side and that Otx2 plays an essential role in this
movement. With this defect of anterior movement, the
posterior shift of the proximal ectoderm markers was also
prevented, suggesting that the anterior movement of distal
visceral endoderm cells and the posterior shift of proximal
ectoderm markers are somehow coordinated (there has been
no cell lineage analysis about cell movement in the embry-
onic ectoderm prior to gastrulation; also see the phenotype
of the Cripto mutation in the next section). Both were
restored by the VEcis-Otx2 transgene. Of note is that the
orphology of VEcis-active cells at 5.75 dpc is quite similar
o that of embryonic ectoderm: tall pseudostratified colum-
Copyright © 2000 by Academic Press. All rightar or stratified cuboidal shape with a large oval nucleus
nd prominent nucleoli. The origin of this unique subset of
isceral endoderm cells is an issue to be determined in
uture studies.
The Role of the AVE in the Development of
Forebrain
In Otx22/2 mutants no markers of anterior definitive
ndoderm or anterior neuroectoderm were ever induced.
long with the anterior movement of distal visceral
ndoderm cells the VEcis-Otx2 transgene restored the de-
elopment of these anterior tissues in Otx22/2 mutants.
Since VEcis also has an activity in anterior definitive
endoderm after gastrulation, the precise role of AVE in
development of anterior neuroectoderm is not clear from
this rescue experiment. Nevertheless, the results suggest
that the anterior movement of the distal visceral endoderm
cells is a prerequisite for the induction of anterior neuroec-
toderm. The role of the anterior movement in head devel-
opment is, however, not straightforward when one consid-
ers the phenotype of Cripto mutant. Cripto is an EGF–CFC
family gene and acts as an essential cofactor for the nodal
signaling pathway (Gritsman et al., 1999; Saijoh et al.,
2000). Its expression is initially found in proximal ectoderm
and shifts to caudal ectoderm prior to gastrulation. Its
mutant exhibits a “trunkless phenotype” in contrast to the
“headless phenotype” induced by the Otx2 mutation. In
his mutant proximal ectoderm markers did not move
osteriorly, and distal visceral endoderm markers do not
ove anteriorly, again suggesting the coordination between
he two movements. Otx22/2 DVE expresses most of the
AVE markers, while the expression of some markers such
as Lim1 and Cer-l is reduced in DVE of Cripto2/2 mutants
(Ding et al., 1998). Nevertheless the former lacks and the
atter has the head-inducing activity. Thus the distal loca-
ion of the AVE cells itself is not the cause of the failure in
ead induction, and it is a question how AVE induces
nterior neuroectoderm and whether Otx2 is also essential
n this induction.
To address this question, a germ-layer explant assay was
erformed. In the assay AVE suppressed the expression of
osterior markers, T and Cripto genes, in the embryonic
ectoderm, and Otx2 was also essential to this suppression.
The 6.5-dpc posterior visceral endoderm or 7.5-dpc anterior
definitive endoderm could not suppress the expression of
these genes. T and Cripto are the genes of which expression
is enhanced or expanded in Otx22/2 mutants (Figs. 5K–5P).
Their expression is kept in the embryonic ectoderm during
the 24 h culture, while the expression of other markers such
as Wnt3 and Fgf8 is not stably maintained and thus could
not be tested (data not shown). Some signals possibly from
the extraembryonic region may be necessary to maintain
their expression. In Xenopus the multiple inhibitor model
is presented for head development; head-organizer compo-
nents act as inhibitors of the Wnt, Bmp, and nodal signals
(Glinka et al., 1997; Niehrs, 1999; Piccolo et al., 1999).
s of reproduction in any form reserved.
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319Otx2 Functions in Visceral EndodermRecently T was demonstrated to be a direct target of the
Wnt signal (Yamaguchi et al., 1999; Arnold et al., 2000), and
T expression was lost in Wnt3 and b-catenin mutant
embryos at 6.5 dpc (Liu et al., 1999; Huelsken et al., 2000).
Thus, the AVE in mouse may also repress both Wnt and
nodal pathways for forebrain development, and a similar
multiple inhibitor mechanism may be operating in mam-
mals for head induction.
The AVE was not enough to induce anterior markers Otx2,
Rpx, and Six3 in the germ-layer explant assay, though the
7.5-dpc anterior definitive endoderm induced anterior mark-
ers as reported by Ang et al. (1994). A question was how the
integrity of AVE was retained during the assay. There are
several genes expressed in AVE, but most of them are also
expressed in other tissues during gastrulation. Then, the
integrity of AVE was assessed by GFP expression under VEcis
that should reflect the Otx2 expression in AVE. The suppres-
sion of T expression in embryonic ectoderm by AVE is another
basis for the integrity of AVE during the assay. The AVE is also
reported unable to induce the expression of a midbrain/
hindbrain marker En2 in 6.5-dpc embryonic ectoderm (Klin-
gensmith et al., 1999). Recent transplantation studies have
further suggested that the AVE alone cannot induce the
anterior neuroectoderm (Tam and Steiner, 1999). On the other
hand, requirement of anterior definitive endoderm for fore-
FIG. 9. Schematic model for the role of visceral endoderm in fo
ectoderm (at both ends of the figure) have the posterior character
Otx2-positive distal visceral endoderm moves to one of the proxim
this movement somehow coordinates with the posterior shift o
prospective A-P axis (Beddington and Robertson, 1999; Thomas e
ectoderm for its future development of forebrain. Later, after prim
endoderm may transform the ectoderm into anterior neuroectode
induce anterior neuroectoderm genes such as Six3 in the ectodermbrain development is also suggested by chimeric analysis of
Copyright © 2000 by Academic Press. All rightLim1 mutant embryos and surgical removal experiments
(Shawlot et al., 1999; Camus et al., 2000). Thus the head may
develop in two steps (Fig. 9). Distal visceral endoderm cells
move to the future anterior side prior to primitive streak
formation (Thomas et al., 1998; Beddington and Robertson,
1999). The movement may be necessary to develop embryos
that have both head and trunk, but not embryos that have
only one or the other like Otx22/2 or Cripto2/2 mutants,
espectively. The AVE thus formed does not induce anterior
euroectoderm directly. Rather, the AVE protects the adjacent
ctoderm against posteriorizing signals. We propose that the
nterior movement of distal visceral endoderm cells is essen-
ial for development of anterior neuroectoderm by generating
territory where posteriorizing signals are suppressed. Otx2 is
equired both for the anterior movement of the distal visceral
ndoderm and for the repression of posteriorizing signals by
he AVE. To this territory generated by AVE, anterior defini-
ive endoderm, including anterior axial mesendoderm, may
end signals to positively induce anterior neuroectoderm
enes.
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